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1. Introduction
It is well known that the total life span of a vertically oriented

thunderstorm or a single precipitating cumulus cell is only about 30

minutes and it can be divided into three distinct stages, namely, an
updraft dominated developing stage, a mature or rain stage with both

updraft and wet-downdraft, and a downdraft dominated dissipating stage.

R TP PR R A

It is also known that the strong downdraft within the domain of the cloud

itself in these systems is attributable to the downward drag created by

Lo

the falling rain drops. On the other hand, the well organized, squall

line type severe convective storms usually last for many hours even

L oafs p Al el

though the life span of a single cloud cell within the system may also
be relatively short, It is evident that a very complicated model is
needed if one aims at representing the various processes involved during
the development of these systems in detail through numerical modeling.
However, essential understanding of the mechanisms of these convective
systems can be achieved by the use of much simplified models, especially
when our purpose is limited to the finding of the average behaviors of
these systems only,

In this study we shall at first determine the representative flow
fields during the whole life spans of the cumulus clouds from a simple
cloud model and then calculate the average heating effects produced by
them, and finally parameterize the average heating effect in terms of the

large-scale flow variables., Our appronach to the cumulus parameterization

problem is still as that discussed by the first author in an earlier

paper (Kuo, 1974), namely, to use a representative model cloud or a




combination of clouds rather than use an unspecified cloud ensemble. This
approach has also been followed by Anthes (1977) in his approach to the
cumulus parameterization problem, but with a somewhat different cloud
model.

Specifically, the cloud model we adopted in this study is a quasi-
steady and quasi-one-dimensional model which is obtained by integrating
the two-dimensional equation for the azimuthal vorticity over the radius
of the cloud updraft and hence it takes into consideration the influence
of the pressure perturbation approximately, In addition, we also take
into consideration the influence of a nearly saturated strong downdraft
in the immediate environment on the updraft in one type of cloud, which
is known to occur often in nature, in addition to that with a quiescent

environment only.

2, The cumulus cloud model and the governing equations

As has been mentioned in the introduction, the flow field under
consideration is taken as axisymmetric and hen e the radial and vertical
equations of motion, the heat energy equation, the water vapor equation
and the anelastic mass continuity equation can be written in the following

torms in cylindrical coordinates (r,z):

2
- (!
u, + uu + wu, = (p /po)r + vVlu y (1)
()'V R
= - ' - "‘v
LR + uw_ + ww = (p /po)z + g(gg— qp) + VW, (2)
0! + r l(ure)y + 0 l(o w8") +wb = wiar 4 Lac/e . (3)
t r 0 o z 0z p’
al + v urq)_+ p7Ho wq') + wq_ = viiqt - C (4)
t r o o z oz ’ !
r-l(ur) + p—l(o w) =0 (5)
r o o 7 ’




where the subscripts t, r and z denote partial differentiations. Here
u and w are the radial and the vertical velocity components, p', 8'
and q' are the departures of the pressure p, the potential temperature
# and the water vapor mixing ratio q from thelr values Py OO, and q,
in the undisturbed enviromment, CIS is the undisturbed density, ev =
T(1 + 0.608q)r is the potential virtual temperature, C is the rate of
condensation, L 1s the latent heat of condensation, ¢ 1 the liquid
water mixing ratio, v is the eddy viscosity or eddy conduction coeffi-
cient, vZ is the one-dimensional Laplacian operator in cylindrical

coordinates and 71 is the ratio of the potential temperature to the

temperature, which are given by

)
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2

R R T (6a.b)
or ror re
no= (Lg@)R/CP . p in mb. (6¢)

The undisturbed quantities P> 60, q and po are taken as functions of z
only, and v is taken as proportional to w in the cloud. The definitions of
the symbols used in this paper are also given in the appendix.

The condensation rate in a unit mass of cloud {s taken as given by

the formula

dg
s
... IF:
C It . (7a)

where q is the saturation mixing ratio and is equal to q in the cloud.

Tf all the liquid water are of the nature of small cloud drops which move
with the air, then, the total water nixing ratio (qQ + q) of an individual
parcel without mixing or precipitation will remain constant and theretore

¢ is also given by




dq2

=495 - (7b)

c

For convenience, we add nL/cp times (4) to (3) and obtain the following

equation for the perturbation entropy s' of the moist air:

-1 -1 aSo
' t ! —_
s', tr (urs )r + e, (pows )z + w 5z
2 Lw
= s+ ngé (a-a)w (8)
c
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where
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and 0 is the average value of 60 and hence 1s a constant.
For the saturated region inside the cloud, it is more convenient to

measure the mixing ratio perturbation from the saturation mixing ratio

\

Adye = qq(To) at the undisturbed temperature To rather than from the undis-
[Rh By

turbed value qa, in the environment. Since g is equal to the saturated

mixing ratio qq(T) at the temperature T (= T0 + T') in the cloud, we have

q=q,() =q _+q" , (9a)
where
3 q aq
"o ___f’ | - l: - s !
Egw e Ty 00 (9b)
V] [¢]
Thus, on setting q' = q" + Qg ~ 9 in s' and writing
S PR ¢ LA R - N TRPPR. " PR PR
e B c 1 b c 3T °T ) c 8 9%s %
p Y o P
1 Ly 1 Ln
= = = = + — -
Sos ) O, * < os) 5%es ~ %o cpa (dag qs) ? (9d)

we find that Eq. (8) becomes
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= viTel + £ (q_~q_ I (10)
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p
where
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“Sos _ 1o, 1n Yso 9% BN 104
dz g dz c_dz dz 2, - ) (10a
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We apply 3/9r to (2) and 3/3z to (1) and then take their differcnce
to obtain the following equation for the azimuthal vorticity n = woSu,

9!
2 _ 9 \J
Y\t + (Un)r + (wn)z - Vvlﬂ =g a—l:‘('év—- - qQ) . (11)

The influence of the pressure perturbation on the flow field 1s included
in this equation through the 412 term in n.
According to Eq. (5), the velocities u and w and the vorticity n can

be expressed in terms of the stream function y, viz.,

U=y, by, we= g+l (12a,b)
n=w_ -u = Vzlp - oy + ¢ (12¢)
r oz 1 Yz zz -
-1300
where o = —po 5§~»is the density stratification factor. Thus the dvuamics

of the axisymmetric cloud can be taken as governed by the two equations
(10) and (11) in terms of the two dependent variables ¢ and Sé since q_
and hence q" of (9b) is determinable from 6.
a. Equations for the cloud updraft region.

Instead of solving the equations (10) and (11) in the two-dimensional

space (r,z), in this work we shall focus our attention on the cloud updraft

by reducing these equations to one-dimensional forms through integration X

}
from the center of the cloud r=0 to the edge of the cloud r=R under the i




6
assumption that we have
0'(R) = af"', q'(R) = b8'(R) = abs"', (13a,b)
u(R) = - Ww = - % Rw (13c)
RO
vrVTs! dr = - a'ws' |, (13d)
jo e e

where a, b, @ and «" are constants and 06', w and sé now represent their
average values inside the cloud. Here a> 0 implies entrainment of
relatively warm air,and b > 0 implies entrainment of air which is more

moist while b <  is air drier than the undisturbed environment.

In this study we used a = -U.1, b = 0,002 for the moister downdraft and

a=0.4, b= —cp/Ln tor the drier downdraft. From the relations (8a),

(9¢) and (13a,b) we also find

Ln
: = ' = tgt - 2. - f
s'(R) = u's; . se(R) a's] = (QOS qo) , (13e,f)
P
where
aq_
alt = ale bl /(e L)y ) (13g)

(4]
We now multiply (10) by pordr and integr-te over r from 0 to R.

After making use of these simplifying relations at the cloud boundary we
2
then find that the net upward transport of entropy H( = oOwR Sé) inside

the ¢loud is given by the following equation:

R] aH a" a* _
ve (H/w) + izt (= - R H
R
A
dsoq L g
~ _ L - - - 14
M {dz + CpO [U(qos qn) cpT (qS qos)]}' (14)

2 . -
where M(= p wR™) s the upward mass transport inside the cloud and »* =
Q
Zulu', where o' is given by (13p).
In order to be able to reduce the vorticity equation (11) to one-

dimensional form in 4 simple manner throuph integration over r, we make




use of the simplifying assumption that the radial variation of ¢ is oscil-

latory  and is represented by a function of r only, For simplicity of

representation, we shall follow Hoiton (1973) by equating this function
with the first order Bessel function Jl(ar/R) with a = 2,405 fnstead ot

the more realistic radial function given by the lincarized equation

(see Kuo, 1965b). We then have
2 2
2 Iy 1 3y 1 a
? 5 . —=r - e =l = o~ Ly r(‘
Vi 5 Y A 2 AW (15a)
or r R
2 Yw
Since Viy = i this relation also implies
R2 J
v -
-y = -?—-' é-r_' (1 )h)
Thus, on making usc of the relation (15b) in the ~u, term of n we then
find
2 2
R J ow .
n = [ T (“'Ti - {411 Yy (1oe)
e dz
Further, under the assumption that the radial and the vertical variations

of w are represented by two separate functions we also [ind that wn is

given by
a3 R
= 1. _.- - — - -
wh 3 gr{w[w 5 (wzz owz)]} (15d4)
a
In addition, we assume that we have 4
- R 2 Q - si
w(R) = 0, n(R) = -7, J VWondr = - gown (1oa,b.e) 4
Q i
b8
where W is the value of w at the axis and n is the mean value of n th
C -
inside R and is given bv ?
1 R 1 2 a w) dw 3
n = li ’ ﬂdt‘ = - i [wo - 2 ("“—— - ,\:“‘)] (1bd) \
o 81 dz”
Observe that (16¢) is of the same form as (13d),

Further, we assume th
half of their values

w = 2w,
O [\

at the average

3! = 20"
0y (o) (v'

values of w,

at the center, viz.,

qq (o) = 2q,

Gv
v

and are equal to
¢

(16¢)
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where W, is the mean updraft velocity. Then, on integrating Eq (11) from

r=0 to r=R and making use of the relations given above and setting

2 d2wC dwC
y = WC[WC - (~—jr’-oag—)] , (16f)
\ a dz

we then find the following equation for y:

a e
i} 3y , (L o,at s ]
TCARES FRNC s I B (1050 ¥ - (o, 0.5q, |, A
where u{ = “lﬁl' Thus the nonsteady development of our quasi-one-dimen-

sional cloud is poverned by the equations (14) and (17).

We point out that in this formulation of the problem, the flow

conditions in the environment are not calculated from the dynamic

equat ions but their influences on the flow conditions in the updraft
reyion arce included through the heat, moisture and momentum fluxes
across the cloud boundary represented by (13a-d) and 16a-c) and through
the second term of n in (15¢) which represents the pressure effect.

b. The quasi-steady equations,

Tn this study we shall limit ourselves to the quasi-steady develop-
ment of the cumulus convection with the removai of ranin water by precipi-
tation included but without giving rise to a downward drag on the updraft.
This can be taken as possible either by assuming that the ascending
current is along a slanted axis or assuming rain water is being removed

from the updraft by some other process. Then the development of the cloud

can be perceived as o pradual extension of the cloud top thro gh the
successive ascension of similar buoyant elements originating from the

clond base until the equilibrium level is reached, while the decay process




can be taken as accomplished statfcally. This kind of development can

be represented by the steady versions of equations (14) and (17),

namely, with the time rate of change terms omitted. For this case it is
more convenient to solve for sé instead of the net upward entropy transport
H = Msé. Thus, ou expanding dH/dz in the steady version of Eq (14) and

dividing by M we then find that it reduces to

dst" ok it dSlo‘; Lr g

5y @ )g' = o~ U5 - - b _ : 3

dz (h R * R?)qc dz c g {“(qos qn) c T ((]S qns)' (18)
p p o

where | = M-l dM/dz = ‘lal/R is the mass entrainment coefficient and
dégs/dz is given by (10a). When expressed in terms of the total cquivalent
potential temperature 0,(=0 + ans/cp) of the saturated cloud air and
when both o* and o' are zero, i.ce., when both 8' and q' vanish at the

edge of the cloud and when viscous diffusion is neglected, this equation

reduces to the tollowing simple form

do

e
TG =
dz )1(£c (ne)

p L
..2.’- q . (lg.l)

. s
(O |

P

It can readily be shown that, when expressed in terms ot the temperature

T, this equation takes the following form:

Lq
o s g . L
+ -2y By - <. -
4T (lv R ) (‘)T n{1 10 + o (qs qo)]
el R ) (18h)
dz .. de
(1 + 0.6221, _'«s)
C p (‘T
P

where R is the gas constant, 'l‘v is the virtual temperature, and N ia the
saturation vapor pressure at the temperature T of the cloud.  This expres-
sion of the lapse rate in the cloud Is roughly equivalent to the expression

given by Stommel (1947) but is sliphtly more general,

Lk TR

At &
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Since Eq. (18) can be integrated directly if we take the entrainment
coefficient y as known, we shall use this equation instead of (18a) or

(18b). According to the relations (9a), (9¢) and (9), we have

T(q-q )= —= o' . e (—2)
6 ‘9s7%s 3T 'T_ 3 3q 3T T
o 1+L s) o
c 3T T
Therefore (18) can also be written as
ds! . ds
. v %y o 0S8 Lmy -
dz + R + Z)Se dz c 8 (qos qo) ’ (19)
R p
where
dq aq
R - " ] L __s
L B L A Ul (19a)
c T
po
as 4o dq
os _ 1 o L o8y
dz 7 B ¢ z T cp dz ) (190)

Here SqS/BT is for T=T0. Since all the terms on the right hand side of

(19) are functions To and po, all of them are known functions of z;

therefore Eq (19) can be integrated directly provided u' is taken as known.

For U and aqS/BT, we make use of the following relations:

0.622es Iz
q. = ———— (19¢)
S P es s
e (T) = 6.11 x exp (25.22 (1 - 213Ky 2134331 (1qq)

Thus, from these relations we find

D
95 _ 0.,622p ﬂfﬁ (19¢)

2 dT
(p—es)

3T T

The variation of the liquid water mixing ratio with height due to

By <o) ISP 4 Sllagie, __#5 @

s e lraainres . SR

R B2 st
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condensation is calculated from a similar equation in accordance with (7a),

;
f
_?
%
:

viz.,

s q* + (1+a o, (20)

Z)qlcond.

where %Y cond. refers to the total liquid water mixing ratio created by

condensation and q* is the mixing ratio at r=R, just outside the updraft
and a, is another constant factor for allowing the effect of evaporation
at the cloud boundary. The formula for calculating the rate of precipi-
tation from the various layers will be given later in section 4. Thus
our system is represented by (19) and the steady version of (17), viz.,

e'
+33)y = g {(1-0.52) 3~ - q) + 0.5 q;(R)} . (2)

C. Two types of immediate environment.

In this paper we shall investigate the influences of two different
types of immediate environment on the updraft, namely, 1) the quiescent
far away enviromment unaffected by convection commonly assumed in most
one-dimensional cloud models; 2) the environment characterized by a

relatively strong downdraft of saturated or nearly saturated and cooler

air. The existence of such saturated downdraft has been known Jong ago,
and their cellular patterns have been revealed more clearly by more
recent Doppler radar observations, see, e.g., Ziegler (i978). On the
other hand, the downdraft in the far environment 1is characterized by a
much slower sinking motion and a temperature higher than that of the
undisturbed state, a consequence of the compressional heating in the

stably stratified environment.

| R
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The colder and moist downdraft under consideration here is taken
as occurring side by side with the updraft and hence its nature 1s |
different from the downdraft discussed by Srivastava (1967) and Ogura
and Takahashi (1971), where the downdraft is directly created by the
falliny precipitation in the lower part of the original updraft and
hence it represents the decaying otage of the development of the cumulus
¢loud. One way of creating a downdraft side by side with the updraft is
to have the updraft take place along a sloped cold front, such as in the

squall line type severe storms. Then the falling precipitation from the

updraft can create a downdraft without impeding the updraft. Another

wav is through the outflow of the raindrop leaden air in the upper layer.
Since our simple plume model is not able to describe the details of the |
development of such downdrafts, here we shall simply assume that such a
dovndraft is present and try to calculate its influence on the various

properties of the system.

3. Numerical procedure

As has been pointed out before, Eq. (18) can ve solved directly
when the entrainment coefficient y is taken as known. Therefore the
remaining problem is to solve Eq. (21) by making use of the values of
OL obtained from (18). Observe that, if q, is also a koown function of
7. then (21) can also be integrated directly as a first order equation
for y. However, as described in section 4, 9 is a function of w.

Therefore (21) must be solved together with the liquid water equationm,

The procedure we adopted in solving these two coupled equations is an




iterative procedure, which is first to solve (21) level by level according
to the traditional plume model, that is, by neglecting the pressure
perturbation in (21) so that we have y = wz, and using wv(zn—l) in the
liquid water equation to obtain a first approximation of ql(zn), and use
it in (21) to obtain y = wz for the next level. After the first
approximation of W, is obtained in this way for all levels, we then
recalculate W, from the complete relation (16f) which includes the

pressure perturbation, viz.,
2

R_z iw_c. iw_c 2 _ (212)
5\ W, T35 - v -w_ = -y . a

1 dz
This equation is solved by Newton's method as a boundary value problem
using the known distribution of y, including possible negative values of
y above the y=0 level. Here v, is required to be positive everywhere
except at the top, where it is required to vanish, while at the cloud
base v, is taken as known. Eq. (21) is then solved again for y, using
the v, newly obtained from (2la) to determine a new set of q - The
procedure is repeated until y and q, are no longer changing. In most
of the calculations presented below we do not include the first order

differential term in (2la) which contains the density variation, i.e.,

2 dzw
R —_— - 2 = - (21b)
7 Ve 2 Ye y . =
dz

However as revealed in a later section it is of minor consequence. In
all these calculations a grid step equivalent to Ap = 5 mb is utilized.
The location of the upper boundary for the vertical velocity with

pressure perturbation is not known exactly but approximately by the
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location of y=0, hence it is used as a first guess with further minor
adjustments made during the calculations to give a best fit, i.e., to
keep v, positive and monotonically decreasing near the cloud top. As
a (inal step the upper 15-30 per cent of the vertical velocity profile
at the cloud top is checked by recomputing using a marching procedure,
making use of existing velocity calculations at lower levels., Typically
the only consequence i{s a slight adjustment in the first or maybe first
two non zero values of W, next to the cloud top while at all other points
the solutions normally agree through several decimal places, This
small correction is made necessary since the location where wC=0 is
usually not exactly at a grid point but it can be found from the marching
solution approximately by interpolating linearly between the last positive
and first negative value of W,

The presence of a pressure perturbation at the cloud base requires
that dzwv/dzz # 0 at z=0, An estimate of its value can be obtained
utilizing a backward extrapolation technique built around Taylor series

expansion and a one sided difference approximation of (21), i.e.,

i -
:f;' + v = gB (21%)

whuere v is defined by (21b). Assuming that

the approximation can be shown to be

‘) y 9 - -
d7w (142,h) wz -(1-yh)w” ~-hB  ~ 2w _w' h+hB
e L el T co o clica 1 _ (22)
2 ) *
dz 2w h2 + —= M_~-M (1+4ph)
C 1 2 1 O

o

o aur>a

RS £-smv-avgri
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where h = Az and the subscripts zero and one refer to the variables heing
evaluated at z=0 and z=h respectively, This expression quickly converges
in an iterative process which as a first guess assumes dzwc/dz2 = 0 at
z=0, Thus the y equation, (21), is solved with an intitial value of Yo T ¥
and then the values of w, are found from Eq. (21b). This process is
repeated allowing for an evaluation of Eq. (22) which gives a correction
for the initial value of Yo until the change in y at 2=0 {« less than

2 -
.002 m"s ©. Then the procedure is as described above. As a general rule,

]
?
¢
¥
¢
$
H
by
1

with some minor exceptions, it is found that clouds of small radii, say

< 1000 m, have final values of Y, slightly larger than wio whereas
larger radii clouds have final values less than w%o. In our model the
overall consequence of these changes in Yoo of order unity or less, is
very small but included for completion.

Other important quantitics utilized in our calculations are the
following:

entrainment coefficient, p = .183/R;

-1

latent heat of condensation, L = 597.0 - .555(T-273K) CAlL gm
gravity, g = 9.814 ms-z;

virtual temperature, Tv = (1 + .608q)T;

and finally we used «"=0, i.e., zero viscous diffusion.
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4. The calculation of liquid water.

Liquid water exerts a negative buoyancy upon the updraft, as evident
in the effective buoyancy term, Eq. (21), so its concentration must be
computed simultaneously with the vertical velocity., Liquid water, 9,0 is
really the sum of cloud and rain water where cloud water, denoted by 9 .
is composed of small droplets that are carried by the updraft and rain
water, denoted by qlr’ is composed of the larger drops that fall relative
to the updraft. Condensation loads the cloud via cloud water whereas
precipitation, i.e.,, the fallout of rainwater, unloads the updraft,

This unloading is important lest the +ag farce becomes too unrealistic.
A detailed relationship between Uy and U has been outlined by Kessler
(1969). Here a simpler format, similar to that used by Anthes (1977)
based on a median dropsize is followed,

Cloud water is known to increase due to the condensation process
and to decrease because of the autoconversion process which creates raindrops

and by collection of cloud droplets by raindrops. Thus in symbolic form,

= — — 2
chw Aqund (chw)auto (chw/Coll (23)
The autoconversion process, following Kessler (1965), is given by
Kat{q -a") q = a'
- cw cw
Clodauto = - (24)
<
9ew ’
1
, . -3 , . -3 -1 ' . r
where a' = 0.5 gmom is the threshold value and K = 10 "s *, The collection E
term is expressed as »
. = }.875 :
(Aq ) = 5,26 x 10 } q (( 875 At (25) t
cw coll cwoorw i
Rainwater increases at the expense of cloud water and decreases due
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to fallout, thus symbolically,

Aq . = (Aq_ ) + (Aq ) - (Aq

rw cw’ auto cwicoll (26)

rw)fnlhnn
It will be assumed that the fallout rate 1s proportional to both

9 and the terminal velocity VF’ so that we have

(Aqrw)Fallout = AqrvaAt’ (27)

where A 1s an empirical fallout coefficient whose dimensinn is 1/length
and hence it is often written as L/H (Anthes 1977, Krietzberg and Perkev,
1976). Here both Ay and q., are expressed in gm m_3 and the time step
At is computed from Az/wC for w2 0.005 ms—1

Following Simpson and Wiggert (1969), we take VF for the median
size rain drops as given by the folleowing formula in terms of a9y

~ 0.125 -1 ,
VF = 5.1 q ms . (28)

- =0
The rate of precipitation, PR(gm s 1m “) per sauare meter can be

computed using

aty Ve(ag ) e, (29)

Pp = rw’ Fallout

R

1 e B4

1

1

: . R th . ]
where Ati is the time since development of the | laver of thicknuess

Ap and
R N
t = no At
i=1 *

is the total cloud development time, Tt is customarv with plume models

to equate total cloud lifetime and development time,
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5. Discussion of Results.

In this study the characteristic properties of cumulus convection
are investigated by the use of a simple quasi-Lagrangian axi-symmetric
steady state model based on the two-dimensional vorticity and heat equa-
tions which include the effects of both the pressure perturbation and the
influence of downdrafts in the environment. These equations are reduced
to one-dimensional forms by integrating them from the center of the plume
outward into the environment. The entrainment terms of Stommel (1947)
in which the interaction between the cloud and environment is represented
bv an expression inversely proportional to the cloud radius are recovered
in this manner. In our formulation additional terms are introduced when
nearby environmental temperature and relative humidity profiles differ
trom the undisturbed state far removed from the cloud. These relatively
nearby envirommental variations owe their existence to the updraft and
their inclusion into the model's physics is distinctly different from
the lateral mixing utilized by Ogura and Takahashi (1971). The influence of
the compensating nearby downdrafts, transporte.s of heat and mass, upon
the total cumulus convection has been shown to be of major importance in
several observational studies (Johnson, 1976; Nitta, 1978; Zipser, 1977,
others). According to Nitta (1978), during the active stage of the deep
cloud clusters strong downdrafts exist with vertical velocities (amplitudes)
about 40-50% of the adlacent updrafts,

Two different undisturbed environmental situations ave investipated
by our model, namelv, 1) a potentially more unstable eavironment repre-

sented by mean Gulf of Mexico hurricane scason temperature and relative

(N TR

¥

T

v




humidity profiles (Herbert and Jordan, 1959) and 2), for later considera-
tion, a less unstable sounding in the middle latitude. Fig. 1 illustrates
the potential (solid line) and equivalent potential temperature (dashed

and dotted curves) of the mean tropical sounding. Two 00 curves are given

E
in this figure, the very small differences between them are due to the fact
that, in the dashed curve the latent heat of vaporization is taken as rcon-
stant, namely, L = 600 cal gm—l, whereas 1in the dotted curve I, = 597 - ,555L
is used, where t is in DC, and the latent heat of freezing, 80 cal gm_l, is
also included linearly between -10 and -40°¢. Fig. 2 shows the vertical
derivative of the entropy Sos for the constant L case, which appears as a torcing
function in the perturbation entropy Eq. (19). A positive contribution bv
this term is indicated below 595 mbs. Unless stated otherwise all figures
refer to calculations using this mean tropical sounding.
Here we shall present the results based on (21b) first, that is,
with o = 0. The cloud temperature excesses obtained from our plume
model for a cloud with R = 1000 m are illustrated in Fig. 3. Here the
dashed curve is with moist downdraft while the solid curve is without
moist downdraft. The relative humidity of the downdraft is taken as 95
per cent. It is seen that the downdraft air is cooler than the undis-
turbed air represented by the mean sounding and as a consequence the over-
all depth of the cloud is reduced by nearly 60 mb in pressure measure.
As shown in Fig. 4, the corresponding reduction of the vertical velocity
is substantial. Both of these changs are the results of the reduction
of the buoyancy, which itself is directly attributable to the fact that,
even though the moist downdraft temporature T is lower than the tem-

dw

perature TO of the undisturbed envirenment, the virtual temperature
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perturbation (TV —TV ) is positive on account of the higher mixing ratio
dw ')
of the moist downdraft. This tendency can be reversed if T, becomes much

dw

lower than T“. Our calculations show that, for the same temperature and
humidityv distributions, the influence of the downdraft on the buovancy
decreases with increasing cloud radius and vice-versa. These results
are not significantly affected by the presence of other physical pro-

cesses such as evaporation at the cloud boundary or inclusion of latent

heat of fusion, as illustrated by the dotted curve in Fig. 2 and dashed
curve in Fig. 5, respectively, The latter effect is introduced by
incorporating the latent heat of freezing linearly between 0 and -10%.

The consequences of envirommental compressional heating upon cloud
jutential temperature excesses when no nearby moist downdraft is present
are displayed in Fig. 6 for three cloud radii. The solid lines represent
Lthe cloud perturbation in the absence of compressional heating. The
overall effect, as revealed in the dashed curves (with a=0.4), is to warm
the updraft especially at upper levels. The vertical velocity however
is reduced because of the net reduction in buorancy due to the term -a/2 in
L. (21) that more than compensates for the enhanced cloud temperature
excesses.  This is clearly seen in Fig. 7 by comparing the profiles computed
with (dotted curve) and without (dashed curve) compressional heating.

For a small radius cloud, R = 500 m (Fig. 7), the large changes in

the vertical velocity due to compressional heating dwarfs the influence
due to pressure perturbation. The latter causes a very minute reduction
as indicated in Fig. 7 by the differences between the solid (no pressure

perturbation) and dashed curves., However, increasing the ¢loud radius to "
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5000 m substantially enhances the role of the pressure perturbation so
that these two influences become nearly equivalent in importance. The
effect of the pressure perturbation as revealed in thisfipure and in
others, shown and not shown, is to reduce the magnitude of the vertical
velocity, to shift the maximum vertical velocity, wmax’ downward and to
slightly increase the cloud's depth, as can be seen from a comparison
between the solid and dashed or dashed-dot curves in Fie. %, while the
dotted curve illustrates the influences of compressional heating in the
environment. The distinction between the dashed and dashed-dot curves,
both of which contain pressure perturbation, is that in the latter the

g term in Eq. (2la) is included. The influence of this term is to
further reduce the velocity by a small amount except near the cloud top
where w, 1s enhunced by it. The value of Yiax is only slightly decreased
but shifted upward in this deeper cloud. The general trend with or without
the inclusion of this first order term is much thce same hence this term

is ignored in most of our calculations. These conclusions about the

pressure perturbation are in major agreement with those of Yau (1979) 5
. '3

obtained using analytical models. 3
Holton (1974) has found by the use of an one-dimensional Fulerian 4

cloud model that fer clouds with radii greater than 1 km, the pressure L4
;

perturbation substantially reduces the growth rate. Within the frame- >
work of our Lagrangian model it 1s not possible to compute the growth ?
rate. On the other hand, another verv Intevesting effect of the pressure 1

perturbation is revealed by our solutions, namely, when the pressurc

perturbation is included, Vhax achieves its highest valuce when the cloud radius s




sbont 8 ki, whereas in the absence of the pressure perturbation W
increases monotonically with increasing radius, as can be seen from the
selid and the dashed curves in Fig, 9. Our results also show that small
clouds are only slightly effected by the pressure perturbation but, as
already known previously, are greatly influenced by the entrainment effect
which is inverscelyv proportional to the radius, whereas for large cloud
the reverse is true.  Thus the presence of the optimal cloud size when
both oF these two {actors are taken into consideration appears to repre-—
sent oo balance between these two opposing effects,

I'he importance of the initial updraft radius and velocity is shown
in Fig. 10 for three vertical velocity profiles computed using a

2
constant mass flux, M = w R°  at the cloud base, The three profiles
N C

b4

ditfer considerably at higher levels due mainlv to the entrainment
processes, thus indicacing especially the importance of the proper choice
o Lhe updraft radius,  Squire and Turner (1962) in contrast did not
chtain this large varfaticn mainly due to their use of the theoretical
Saturated environmental sounding.  For radii m oh larger than those
considered here, e,pey, R 210,000 m, the importance of ciotrainment is
replaced by the importaonce of the pressure perturbation, and in contrast
toothe results in Figo 10, the largest radius cloud will have the smallest
vertical velocity maximum.  Nevertheless, the largest cloud will have the
decpest peuetration,

Many previous investigations have attempted to account for the

intlucnce of the pressure perturbation by utilizing a reduced pravity,

i.e., in the vertical velocity equation v is replaced by p/(1+8). where ¢

R e At




fs usually assizned a constant value of aboont 005 and the pressuare
E |

perturbat bon term ts othervise neglected completelv.  An previousty
pointed out the pressave perturbat{ion is inceluded o this wodel since the
vertical variation ot ¢ i retaloned (o the vortileity cquat fan,  Bat it
in Eqs (b 21Y) we define
al 4
R A w

" Vv Yy e
aow de

then tor the special case 8 cquals g constant the modificd vravity Yoo
Lation is obtained.  In reality B 1s vot constant as chown in Fiel 11,

For this mean tropical sounding note that the reduction ot the eltective
buovaney s pencrally much less than the commonly used tactor /3,

Figo 12 shows another set of B oproffles trom an individual Salem (11,
sound oy, which containg several stable Tavers  above the clbowd base at
83004 nlh..,, s dndicated by positive values of Y5 fav o Fipo 13,

The B oprotiles tor R 2000 and H000 m represcated by the dashed and sotid
Lines in Figo 17, tespectively, exhibit tavee variations amd o previon of
nepat fve values, indicat oy that the pressure pevtuvbation tavee qets tao
partially counteract the boovaney,  thus smoothing out the vertical
veloctty protiles as o shown o Vipl 40 A clond of small radius, R 1oon
m, {s unable to break through the stable Tavers whereas the L0000 Gnd

SO00 w oradius clouds gre capable but thedir vertical veloctty protiles

are st int luenced by it With the pressure perturbat jon, as e

presented by the dashed curves, the impact ot the stable lavers are sub

stantially veduced, especialtly tor the H000 w radius or st Tarper clonds,

The pertarbat fon pressure foherfC in o soluat ions can he nolved tog




directly by integrating the traditional vertical velocity equation using
our computed velocities., The vertical profiles of the scaled perturbation
pressure, w¥ = g - s where n is the ratio of the perturbation pressure
divided by environmental density, is found te be negative at low levels
and positive near the top of the cloud as shown in Fig. 15 for cloud

radii of 2000 (dotted curve), 5000 (dashed curve) and 10,000 m (solid
line). The unknown constant of integration m, was assigned the value of

it at 400 mbs.  The slope of each curve, i.e., dn%/dz, indicates the

desree to which the buoyancey is adjusted by the non-hvdrostatic pressure
perturbat ton,  Positive slope implies that the buovancy is reduced whereas
nepat tve slope indicates an enhanced buoyaucey, as found, for example,

near the cloud top. The Salem 11l., n* profile, not shown, contsins &
negative slope between 667.64 and 472.64 mbs, showing that the pressure
perturbation, in part, is offsetting the reduction in buoyancy caused bv the
stable lavers found in the sounding between 732 and 572 mbs.

In Fiy. 16 the perturbation pressure profile is displaved in the
same format as n* above.  Note the exceedingly amall vilues of less than
0.2 mbs tor R = 2000 m (dotted Tine) and the larve positive and negative
vialues  at the cloud base and top, regpectively, for a radius of 10,000
m (solfd Tine)., Also, with compressional heating (dashed-dot curve),
there is o slight reduction when compared against the no compressional
heating case, as represented by the dashed curve,

Vertical protiles ot the average 1iquid water concentration faor
clowd radii of 500 (dotted curve), 2000 (dashed curve) and 5000 m (solid)

Pine), after taltout, are shown in Fig., 17, 1t is scen that associated




with increasing cloud size, and hence larger vertical velocities, is the o
upward movement of the maxinum ., toward the cloud top, A similar trend

is not clearly evident in the fallout rate within each 5 mb Interval as

illustrated in Fig. 18 for the same cloud radii. Except for the 500 m
cloud (dotted curve) the fallout rate is a maximum at nearly the middle

point of the vertical profile, The total precipitation rate, for the

tropical sounding without ice phase, is 1.57, 4.73 and 5.17 cm hr—l for

cloud radii of 500, 2000, and 5000 m vespectively, The addition of the

E
E

ice phase will increase the precipitation rate to various degrees, rouvhly

pr—

10-25 per cent depending on details of its inclusion. T[n these cal-

culations the constant of proportionally A in the fallout term, Bq. (/)

. e . -1 L
ls cquated with R For 100 m < R < 2000 m and X = 5 x 10 Am ! for

e T AT

R > 2000 m. The Salem Ill. sounding, with an ice phase inserted linearlv

r -

between -10 and -40°C and with A 2 6.6 x lOmAm—], produces precipitation i

rates of 0.69, 5.34 and 5.79 c¢m hr—] for =loud radii of 1000, 2000 and
5000 m respectively. The large increase between 1000 and 2000 m i:

due to the fact that for the larger radius the cloud is able to penctrate
the stable layers aund veach a considerable height.

It should be pointed out that the precipitation rates piven above
represent the average precipitation rates for the developing period of
the different types of clouds only. 1f, instead of decaving, the deep
cumulus cloud and its circulation remain in a semi-steady state after
fully developed, then the precipitat vn rate can he much higher than the
values given above since then almost all the water vapor cominy into

the cloud through its base and sides will he procipitated.
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6. Influence of cumulus convection on the mean properties of the

atmosphere.,

We have illustrated how environmental factors near the updraft
can {nfluence the basic c¢loud properties. The reverse process, i.e.,
the net effect of short lived cumulus convection upon the thermodynamic,
moisture and momentum structure of meso and synoptic scale systems has

been vecognized for years. Various parameterization techniques have

been introduced to incorporate the vertical distributions of condensation
heating and momentum transfer into the large scale flow, see, e.g.,

Kua (1965, 1974), Kreltzberg and Perkey (1976) and Anthes (1977).

It is well known that the overall effect of cumulus convection is
to warm its surroundings. The contribution to the mean heating from a
single cloud is from the combination of the latent heat and the upward
transport of sensible heat. We want to compute the mean heating rate,
A2ty produced by the cumulus convection, including both the effects of
the compressional heating in the far environment and the effect of the
moist and cool downdraft. Let us represent the areas ol the apdraft,

meist downdraft and far away downdraft by Ac‘ Ad aned Ad‘ respectively,
w

amd et the vertical velocities In these areas be w Wi and Wy Then
[ 1 ¢

the condition of zero net vertical mass flux can be taken as

Aw. =0 (30)

Acwv + Adwwdw + dd ?

where the influence of the difference in density in the ditferent areas

. i~ : : Va ' N
has been disreparded for simplicity, Further, we shall oxpress w, and
¢

! A
iw dw Jdw

in terws ob wo, 0t and A of the cloud updraft bv {ntroducing the non-
[ . 4

necative factors of proportionality «,, 1 and k and writing them as




")

wdw = Ca,w o, o' = ae;, A = kA . (314,00

i
;
i
E

c dv dw ¢
On substituting these relations in (30) we then obtain

. = - - '
Addd (1 uzk)Ava. (3.7)

We consider that the heating effect of the cumulus convection in the
layer Az is produced by the following three diftferent processes:
i) the net upward transport of sensible heat into this layer inside the oo
and in the conveetive yoist downdraft in the immediate environment
ii) the compressional heating created by the slow descending motion ip
the far away cnvironment;
iii) the release of latent heat in the cloud updrati.
Here the first two processes are dircetly concerned with the sensible heat
while iii) is due to the latent heat. We shall caleulate these three contri-
butions separately below,

According to the relations (3la,b,c¢) the arca average of the upw.ord

heat transport Tg inside the cloud and its immediate moist environment is

viven by

TTTYYT

T* = (1 - a,ak)a w 8', . (3%
0 P oc¢C 3
where v

A‘

= —= i)

a0 A ( '
Thus, on using R2 to represent A( for the axisymmetric cloud we find that b
) '
the mean heating effect produced by the [irst process is piven by !
KNS !
L L3 |

N = - -2 S (pT*). 34)
it noo az(ple) e ‘

The contribution of the compressional heating in the far environment to

the mean heating can be taken as given by

¥ 1 !
1,2 . ﬁﬂ?d ??9 ot .

it AT Dz
O
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where A/t is the ratio of the existence of the cloud at the level z
A . . . .
to the total time 't of existence of the cloud. 'Thus, on making use of the

relation (32) we then find

Ty, AW R 0

R - . ¢ s frini ’

gt (= wpl) Y (33)
C

lhe sum of these two eftects represents the total heating from sensible heat.

We shall represent this sum by BTI/Bt, viz.,, %
- e
A a w ADJD %
1 | ] o ¢ At o . =
S -~ = = - ——(pT*) + - k)——— = = . 36 K
Tt P 32(010) ( “zk) m T 9z (36) ¥
Q O .
whore TS is given by (33). %
The heating due to the release of latent heat can be taken as
dr, l hqq
E L v A, K o~ ’
gt 40 e w(‘[ Dz niq qs)] ’ 7
I

where g% is the value of g just outside the updraft. From the results piven
ibhove we tind that the total heating rate is given by

vr e

T taT (38)

whore ofl/aL is defined in (36) and 3 T,/d0t in (37).

9
Note the reduction in the heating rate protfile shown in Fig. 19

tor o 1000 m vpdraft, computed with the effect of a moist and cool down-

dratt (dashed 1ine) as opposed to that computed without this effect (solid

Line), Here the ratio of moist downdratt area to the updralt area,

ive., k Adw/Av‘ is taken as 1.0, and the ratio of vertical velocitics,

) "wlw/w , s taken as 0,4, In both cases the role of compressional
¢ (.
heat ing has been included, assumming that the ratio of updratt area to

total area, i.e., AC/A a, is O.1. The total sensible heating profile

for the moist downdratt case (dashed-dot curve), is slipghtly nepative at ‘
H




ltow levels and only slightly positive at high levels. ‘Thus latent pro-
cesses are responsible for most of the total heating. The contribution
of the compressional heating in the environment to the total sensible heat
is indicated by the detted curve.

The significance of latent heating (dotted curve) is shown in Fig,
20 for a 2000 m radius cloud containing compressional heating, along
with the total seunsible heating rate (dashed curve) and their sum, i.e.,
the total heating rate (solid line). Note the importance of the total
sensible heat contribution ncar the cloud top bul otherwise the heating
is due mainly to latent heat. ‘This peaking near the cloud top is
even more pronounced in the 'cloud' sensible heating rate (dashed-dot
curve, Fig. 21) for a 5000 m radius c¢loud. The magnitude of the negative
contribution at lower levels is also fairly large but is considerably
diminished provided the positive contribution from compressional heating
(dotted curve) is added to form the total sensible heating rate. The
importance of compressional heating is revealed also in Fig. 21 hy the
difference between the total heating rate computed with environmental
effects, a = 0.4, b = —cp/Ln. (dashed curve) as compared with the 'cloud'
total heating rate (solid line)., Note that this difference is smaller
in magnitude than the contribution from compressional heating itself
(dotted line). The rcason why is because compressional heating also re-
duces the vertical velocity, therebv reducing the local rate of latent
heat released. This effect is fliustrated further in Fig., 20 tor three

different cloud radii, Some measurce of the increase of the total heating rate

with increasing cloud radius can also be pained by comparisons between the solid
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curves in Figs. 19 and 20 and the dashed curve in Fig. 21, For c¢louds
of radius R = 1000 m the total heating rate maximum is located nearly
midway in the vertical prolile, but it is shifted upward toward the
cloud top as the radius is increased,

We have shown that tor large cloud radii, e.p., R - 5000 m, com-
pressional heating increases the total heating rate,  This conclusion is also
valtid for cloud radii of 2000 and 500 m (not shown), but obviouslv pro-
portionally less. For the range of parameters considered, the role of
the moist and cool downdraft is found to increase the sensible heat trans-
port Tﬁ (Eq. 33) slightly by the addition of the small positive factor
(—uzdk) in l;’; but also shown to reduce the vertical velocity, so that there
is some net reduction in the total heating rate by this elfect.

It should be pointed out that the expression (37) lor the heating
rate from latent heat is based on the total condensation rate, When
the cloud dissipates, the liquid water carried by the cloud will re-
evaporate and therefore the mean net heating rate produced by the cloud

during its whole life span should be given by

. " (e)
. AT RN A Lq
2 N
S A 1) (39)
at Jt ot AT tc
o p
(e)

where ql stands for the amount of liquid water re-evaporated into the
w

environment. The rate of moistening of the atmosphere is given by

.”)q) A (e)

& ¢ > ’
L - 40
Jt A (qs 46 qfw ). (0

Beeause of our tack of more reliable knowledpe of the relation between

e '] . . -
the eloud tvpe and qf(w)‘ the intluence in re—evaporation ot the otoud




water into the environment has not been included in our calculiations vet.

It we assume that all the unprecipitated liquid water drops in the cleud o
re—evaporated into the environment at the same leve! as thev oceur in the
cloud as the cloud dissipates, then a larger cooling will take place nea
the cloud top than at low levels as the cloud dissipates,

It is evident that the various area mean cftects produced by o specitis
tvpe of cumulus c¢an be calceutated by the use of the cloud vedel prowvided
the area ratio a (:AU//\ ) and the other phvsical parameters are known,
vbviouslv, a model cloud representative of the averape conditions can aloo
be constructed by combining o number of clouds of ditferent radii.  The
heat ing and transporting intluences of such a2 cloud can bhe obtained teom
those ot the individual clouds by assigning proper weiphting tactors to theo.

The use of the mean stability and boundary laver propertics of the
mosplhiere and large- and meso-scale lifting to determine whether cumulus
sonvection will occur or not in the region, and to use the Tarpe- and meso-
scale net converpgence of moisture as the measure of the average condensation
rate in such systems as proposed by the tirst author (Kuo, 196>, 1974
still appear to be the proper road for the paramatic rtepresentation ot the
time and space average heating effect of camulus convection.  lowever, the
qruestion of whether cumulus convection will occur at o piven locality and
a4 given time can not be answered by utilizing large scale proporties atone,
The problem is complicated further by the fact that, cumtlus convection is
of the nature of overturning and hence, it restricted to a small vepion, it
can oceur only once and after completing this process the stratification
wili become stable and the moisture content exhaustoed.,  On the other hand,

it the convection takes an organized form with a continuons supply ol
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noist o air trom tar awav, such as those in the meso-scale storms, then

the cvsitem can have a much longer lite,  bEvidentlv whether such a system
will be created in a piven region or not can onlv be determined by studving
Che veaeral Jdvoamic aud thermodyvnamic conditions, and not bv using the nean
Parce scale stratitication and transport properties alone.

In view o the manv uncertainties concerning the average heating etfect
ot camudus convection, it appears preferable to determine it by a less in-
colved wimple method rather than by the use ot a detailed model. ne simple
W is toouse the vertical distribution of the potential temperature excess

by (1% or V' opiven by (18b) as the vertical distribution ot the
.

heat ine rate.  On compariay the total heating profiles in Vivures 19, 20
S0 o cloads with radius preater than 1000 m witic the clowd potential
Peoporature protile in Fig. 6 we see that thev ave tairvly similar to cach
acr, dudicaiting that the distribution of the poteatial temperature exooese
e be gsed as g reasonable approximation to the vertical distribation
cootne meas heating ettect created by the clowd qetivity, o proposed by
o lvany
e question ot how the tatent peat oo ensible heat aceunu
o an dadividial cloud s transostted to the mean atmospheve v lio
R P T I RN I Herv ot Jeast two ditierent processes calt be visun ized,
civon o by random aodd cguat chance disteibution or o tne clond panpot ot
et ime and space over o barve e amd Jonyer Ctime span oand b)Y beoosoatariem

b e seale civtealation md dispervsiom, Joth ot these tue pros ense s

Ao e tective T he atmosphere and o such o ette ts o be taken s b b
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7. Summary .

A quasi-one-dimensional and quasi-Lagrangian steady state model
which takes into consideration the influences of the pressure perturba-
tion, vertical density stratification and nearbv moist downdraft on the
axisvmmetric cumulus cloud convection is obtained by integprating the
combined heat and moisture equatlions and the azimuthal vorticity cquation
from the cloud center to the outer edge and utilizing wrfous entrain-
ment considerations.  This model shows that the inf{luence of the pressure
perturbation is proportional to the square of the cloud radius and hened
it is small for small clouds. This wmode! is used to investipate the
variations of the various cloud properties with the radius of cloud
under two different environmental cvonditions, one is for the potentialiv
nore unstable and more smooth mean tropical atmosphere during the
hurricane season while the second is for a less unstable middle latitude
cuvironment with prominent thin stable lavers in mid-lower troposphere,
Further, two ditferent kinds of cumulus convection are considered,
namelv, A) iz ot the form of a simple updraft surrounded by the almost
unialtered far environment, either with or without a feed back from
the compressional heating in this environment, whilce B) {5 with a nearly
saturated and cooler nearby downdraft, as is often observed in the cloud
clusters in the tropics. 1In this latter case the cloud is not influenced
by the far environment directiv.,

[t is rTound that the pressure verturbation in the cleoad can react
from + 2.5 to + 7 mb at the cloud base and the cloud top as the radius

of the cloud increases from 5 km to 10 km but is small for cload radius

- gy A
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less than 2 km,  Further, the magnitude of the perturbation pressure is
reduced by the inclusion of the temperature feed back from the compres-
sionally heated environment,

Since the temperature equation (18) involves neither the pressure
nor the vertical velocity, the pressure perturbation has no direct
influence on the ¢loud temperature excess, On the other hand, the
inclusion of the pressure perturbation reduces the vertical velocity in
the cloud, as it must since pressure perturbation transmits energy to
tite cnvironment. One interesting and possibly also important effect of
the pressure perturbation is that it gives rise to an optimal cloud radius
of about 8 km, corresponding to the highest value of W under the

a
tropical eavironment, vhile without the pressure ceffect w increases
aonotonically with increasing R,

The infloence of the density stratification is to reduce v, slightlv
boelow the fevel of Wik and to increase W, above this level and also to
increase the cloud depth slightlv, but the total influence is not
prominent . The results show that, for the norem | tropical atmoesphere,
the cloud properties change gradually with the cloud radius, while for
the tess unstable environment with prominent stable lavers in mid-lower
stratospherc, the cloud properties chanpe abruptlv as the cloud radius
increases trom less than to barper than 2 km, reflecting the inhibiting
intluence of the shallow stable laver in mid-lower troposphere on the
il ler elonds,

It is also tound that the prescence of 0 moist bul cooler convective

Wl Tt tedoces both the apdreart and the cloud depth. It also

(34




augments the precipitation rate, especially for the smaller clouds.
The heating and moistening influences of cumulus cloud convection
on the large scale atmosphere have also been calculated by the model. 1t
was found that the main part of the heating is from the latent heat but
compressional heating of the environmental air is also of importance,
especially close to the top of the cloud. On comparing the average heating
rate with the potential temperature excess eé given by this nodel
we find a close similarity between them for cloud radius larger than 1 km.
It is therefore concluded that Oé can be used as a rough approximation to
the vertical distribution of the average net heatiny effect produced by
cumulus convection in the paramcterization scheme. Of course, results
obtained from detailed calculations from the ¢loud model can also be used.
An equation for the vertical mixing of the horizontal momentum by
cumulus convection on the change of the horizontal velocity has also been

obtained.
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Appendix: List ot Svmbols

(r,2) radial distance from the axis and altitude
UL w radial and vertical components of velocity
W mean vertical velocity of cloud updraft

p

I TO, ”0' q“: pressure, denslity, absolute temperature, potential
L [}
temperature and water vapor mixing ratio in the undisturbed

euvironment, all taken as functions of the altitude z only

pry, T', o' (= «aT"), q': mean values of departures of the total pressure
p, temperature T, potential temperature ¢ and water vapor
mixing ratio q in the cloud from the undisturbed values [
L
T , 0 and q .
O 4) C
Tv = T(1 4+ 0.609q): virtual temperature of moist air
Cs nTV virtual potential temperature
v
(F specitic heat at constant pressure
2 1)  was constant of dry air:; 2)  radius of c¢loud updraft
1000 mb, R/¢ . _
( - ) /1 P
P o

1 ()L q “ saturation mixing ratio at temperatare T o~ c¢loud and at
= OFf

temperature T) of environment
L
(' - (I‘Q(YI‘)'(l()%‘

q o oq \’+(|“ liaquid water mixing ratio in cloud updratt; q is cloud
e CW W '

AN

liquid water mixing ratico and Cw is mixing ratio of rain water
K

U rate ot condensat ion

i Latent heat of condensation, which mav alse include the

latent heat of treezing

in gmom

3

v

A v

i
L

v
g‘ J
‘3

2

;
i
{




B T Y N L

f i T anre

P

y

g

conat an

density

(R o b

¢

mans entraing

coelticient ot

Loaverayre value ot o

o
N ' ¢ .
' LT cquivalent potent gl tewmp e aitare
I)
t bl 0 t ol (
8] o o o R I
SR (oo
% s [ (31} Ve
- A
BN, s i n :
(3] (S cloud ol

stratiticatlion tactor Ao loy /iy

gUORY gt o STRY st ale thlay (oo
¢ P I
TR ‘(; a

et ticient of evaporatfon eflect gt 0 !

b

wnt coctticient fquK

cddy dittusion ettedt

stream function tor u and w

JUA0Y radtatl o vanniation coctticient oty

saturation vap
threshold vata
coclticient ot
averagse tewmin
precipitat ion
1 cmp it ica
Fguid wateo m
area rat fooot

tatio ol molst

O proessu e
coot o cloud Tiguid water
W
cload drop antoconversion proces..
al velocity ot rain deops
tate
I tallout cocivicient

iy tatto, inoem o por oem

modist downdeatt too uapdealt

downdeatt o veloctey to apdeatt veloceity




List of Figures %

g

a
Fig. 1, Profiles ot environmental potential temperature 00 (solid line) )
ad equivalent potential temperature ¢ E (dashed and dotted lines) ';

oL

for the mean Gulf of Mexico burricane season sounding. 1In the
dotted curve, variation of latent heat of vaporization with tem-
perature is allowed and latent heat of freezing is included lincarly
between ~107 and —-4()0(‘.,
Vig, 2, Vertical profile of ) S;»s/” for the tropical sounding in Fig. 1.
Fiv, 3. Cloud temperatures excesses for radius R = 1000 m with (a = —0.1,1)“0-003.

Jashed curve) and without (a = 0.0, solid line) moist downdraft cooler

than the undistributed air.

b
b

Fig. . Vertical velocity profiles for cloud radius R = 1000 m with

CGlashed curve) and without (solid 1Tine) moist downdratt. The

—————

dotted carve includes the small additional intfluence of cevaporation

at the cloud boundary (a, = 0,15) for the downdralt case. '
Fig, 9 Same cloud as Fig. 4 except showing the additicnal influence of !
- - . . . L]
the Iatent beat of fusion upon the vertical velocity,  Dashed curve !
includes Tatent heat of treezing whereas the solid curve does not. i
Fiv, O, Clouad potential temperature excesses for three cloud radii with o 00 !
’

hooe Fla, dashed curve) and without compressional heating (4 < 00,

I\

cobid Tine), No nearbv noist downdeatt.,

ies 70 Vertical velocities for a 500 m vadius cloud computed with (a4 Ua, v

Al
|,|I dotted cnrve) and without (a0 - 0.0, sobid Tione) compressional

heat ing and pressure perturbat ion ettects (dashed carve),
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8. Same as Fig. 7 except for a 5000 m radius cloud. Dash-dotted
curve is without compressional heating but with both the o term
in (2la) and pressure effect included and is to be compared with
dashed curve.

9. Variation of Yax with cloud radius with (dashed curve) and with-
out (solid line) pressure perturbation.

10, Vertrical velocity profiles for 3 different cloud radii taking
the cloud base mass f{lux as constant, 1) w, o= 2 ms—l and R = 2000 (2)“Zm
(dotted curve): 2) v, =1 ms—] and R = 2000 m (solid line); 3)

-1 L

w, = 0.5ms  and R = 2000 x 2°m (dashed curve).

11. Vertical profiles of gravity reduction factor ¢ for R = 500 m
(dotted curve), R = 2000 m (dashed curve) and R = 5000 m (solid
line).

12, Same as Fig. 11 except for Salem I11. sounding in Fig. 13.

13, Vertical profile of Dé;s/az for a 1800 €,S.T. Salem 111, sounding
(8/22/75).

14, Vertical velocity profiles for 3 radii obtained with the Satem,
I11. sounding. Dashed curves include pressure perturbation, solid
lines: without pressure cffccot.

15. Variation of perturbation pressure to density ratio n* with
height in cloud for mean hurricane season sounding for clond radii
R = 2000 (dotted curve), R = 5000 (dashed curve) and R - 10,000
(solid line). No compressional heating,

6. Profiles of the perturbation pressure plotted in the same
format as a%x in Fig, 15, with the addition ot the dashed-=dot curve

comput ed

including compressional heating for a 5000 m cloud,
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‘i
Fig, 17, Vertical profiles of the liquid water concentration, SP for i
cloud radii of 500 (dotted), 2000 (dashed) and 5000 m (solid curve). 3
Fig. Lo, Same as Fig. 17 except showing the fallout rate within each 5

mb interval.

Fig., 19, Heating rates for cloud of radius 1000 m, a, = 0.1, k =1.0,
and W, = 0.4, computed with (a = -0.1, b=0.002, dashed curve) and without
(a1 = 0, solid) moist downdraft. The total sensible heating profile

is indLlcated by the dashed-dot curve and the contribution of com-

pressional heating by the dotted curve.

Fig. 20, Vertical profiles of the total sensible heating rate (dashed

carve), the latent heating rate (dotted curve) and their sum

¢
(solid line) for a 2000 m cloud with compressional heating (a = 0.4 b=~ TE) *

Fipg. 21, Meating rate of a 5000 m cloud. Dashed curve: total heating F
rate with compressional heating in environment and a=0.4, h=-—-:)/LT¥: i
solid curve: total heating rate produced by cloud alone; Dash- ‘

dotted curve:  "cloud' sensible heating under {nfluence of com— |
pressional heating in cenvironment; Dotted curve: contribution
from compressional heating in environment aloue,
Fig, 22, " times the local rate of latent heating for 3 different cloud radii with
(a0 - O.4%, b

--(:P/Ln dashed curve) and without (a4 = 0.0 solid line)

compressional heating, without moist downdraft.,
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